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ABSTRACT In genetic combinations undergoing ribo-
somal DNA magnification, the frequency of crossing-
over between X and Y chromosomes is increased at least
20-fold above that in similar combinations not under-
going magnification. Such recombination occurs at the
ribosomal DNA level. The data are consistent with a model
where extra copies of ribosomal DNA are formed which,
after circularization, are integrated into the chromosome.

Mutant bobbed loci (bb) typically carry subnormal numbers
of ribosomal RNA genes (rDNA) (1). In males that have an
extreme bobbed phenotype, magnification takes place; that is,
the amount of rDNA is rapidly adjusted to normal (2).
Magnification is evidenced in the progeny of such bobbed
males. A model has been proposed for the first steps of the
process (3). According to this model, extra copies of rDNA
are formed in all cells of bobbed males. After circularization,
the copies can be integrated into the chromosome only in the
germ line. The first step of magnification might occur as in
Fig. 1. In males with two bb loci, integration of rDNA copies
is not necessarily restricted to the bb locus from which they
originated (3). We expected, therefore, that some integration
events might involve both bb loci simultaneously. Such double
events (Fig. 2) would lead to recombination of outside
markers.

It will be shown in this paper that X-Y exchanges at the
rDNA level are at least 20 times more frequent during mag-
nification than in similar genetic combinations not under-
going magnification.

MATERIALS AND METHODS

Stocks from the Bowling Green list included w sn/Ybb- &
C(1)RM,y v f/Ybb-, and sc8 chromosomes from which In(1)sc8,
bb+ cv/BSY & C(1)DX,y f/BSY and In(1)sc5,bbl cv/B8Y &
C(1)DX,y f/B8Y were selected in our laboratory. The Ybb
chromosome of X(Canton S)/Ybb & C(1)RMy2 (SU)Wa Wa
was a gift of Dr. J. Barr in 1968. In(l)sc4L,8R y cv has a com-
plete deletion of bb, sometimes indicated as bb°. It is kept as
In(1)sC4L,8Ry cv/B"Y & C(1)DX,y f/B8Y (the original Oak
Ridge stock), and as In(1)SC4L,8R/BSY & In(l )sc4Ls8R/
In(1 )sc4L,8R/BSY. The latter stock irregularly accumulates
extra Y chromosomes. A bbl X chromosome selected from y
w is kept as y w bbl/BSY & y w bbl/y w bb'/B8Y. Homo-
zygous XyL. ys (108-9 Parker), y2 SU(Wa) Wa and YSX. yL,
In(1)EN+d149,Ys car f v y yL & C(1)RM y2 SU(Wa) Wa are
from the University of Rome collection.

Reciprocal X-Y recombinants out of In(1)sc0/Y are indi-
cated as y+ scc c.o. (crossover) Y and scc c.o. X elements (9).

The terms "rDNA,""bb locus," and "rRNA genes" are used
interchangeably (1).

Flies were reared on standard medium (4) at 24-25°. For
the experiments in Tables 5 and 6, 15 one-day-old virgin
females were mated to 15 males for each bottle, passed to
fresh medium after 5 days, and eliminated 5 days later.
Bottles A-N of Table 6 and 1-17 of Table 5 are combined
progeny of both passages. Parents of bottles 18-27 of Table
5 were eliminated after 5 days.
The y+ sc8 c.o. Y elements are kept as YSX. yL,In(l)EN+

d149,Ys car f v y- yL/y+ SC8 c.o. Y & C(1)RM,y v f. The 10
sc8 c.o. X elements we still have are kept as sc8 c.o. X/y+
bb+- yL (element N 26 of Table 7) & C(1)RM,y v f. Fertility
tests were made by combination of X-Y crossovers with the
appropriate Y derivatives as indicated in Table 7 and text.
Analysis of bb loci carried on X-Y crossovers is described in
the following section.

RESULTS

Recently, we have shown that rRNA genes of X and Y
chromosomes have opposite orientation with respect to their
centromeres (4). Therefore a test for X-Y recombination
within bb during magnification requires not only that the
males be bobbed, so that magnification will occur, but also
that the rDNA of the X chromosome be inverted to permit
recovery of the crossover products. The combination used
was In(1)sc8,bbl cv/Ybb. In these bobbed males magnification
of both bb loci occurs.

The data on magnification of Ybb are shown in Table 1.
The Ybb chromosomes derived from sc8bblcv/Ybb fathers, in
which magnification occurs, are compared with the same

chromosomes derived from sc8bb+cv/Ybb that are wild-type

TABLE 1. Evidence of magnification of Ybb in
Ybb males

In(1)sc8bb'cvl

Progeny

Females Males

cv y y cv cv y cv
Cross Bs cv cv BS Bs bb + bb

In(1)sc8bb+cv/Ybb x

SC4,8,y CV/SC4,8 y
cv/BsY 318 328 -- 239 18 - 63

In(1)sc8bb'cv/Ybb x
SC4'8,y CV/SC4,8,y
cv/BsY 316 1 10 202 23 99 49
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TABLE 2. Magnification of bb' on In(1)8csbblcv

Progeny

Males Females

Cross cvbb yvf y+vf

In(l)sc8bblcv/Ybb + x
C(1)RM,y v f/Ybb- - 1539 -

In(l)sc8bblev/Ybb x
C(1)RM,y v f/Ybb- * 441 2

In(l)scbblml/Ybb x
C(1)RM,y v f/Ybb- 59 1637 10

* Occasionally, bblm/Ybb- males can be obtained after only one
generation of association of the bb'locus with the helper Ybb
chromosome. A larger scale experiment identical to this, which
shows the point, is reported in Table 5.

for bobbed, and hence do not show magnification. The com-
parison is made in the same genetic background, i.e., in
combination with bb0. Magnification is evidenced by the ap-
pearance of y cv males (In(1)8C4L,8R,y cv/Ybb) of bb+ pheno-
type, and by the higher proportion of y cv males from sc8bb'cv/
Ybb than from sc8bb+cv/Ybb fathers.
To detect magnification of bbl on the In(1)sc8 chromosome,

the locus was maintained for two successive generations in
the presence of a helper bb locus as described (3). In(1)sc8bbl'cv
Ybb+ males were crossed to C(1)RM/Ybb females, and the re-
sulting In(1)sc8bb'cv/Ybb, phenotypically bobbed, males were
again crossed to C(1)RM/Ybb. The sons of this last cross are
indicated as In(1)scsbblmlcv/Ybb and are still phenotypically
bobbed. The bbl locus coming from such males will have spent
two generations in association with helper Ybb under magni-
fying conditions. Magnification of bbI is evidenced by the
appearance of sc8bblmcv/Ybb- individuals (where the Ybb-
chromosome has no functional rDNA) after the cross indi-
cated in the third line of Table 2. Before bb' magnification
the bbl/Ybb- combination was absolutely lethal (first line
of Table 2).
As observed for other bb' loci (3), magnification of bbI is

regularly detectable after two generations of association with
helper. Some magnification of bb' occurs after one such gen-
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TABLE 3. Estimation of magnification frequency of bb' locus
on sc8bblcv chromosome after one generation with helper Ybb

chromosome

Relevant female
progeny* Frequency

Round round-eyed
Cross Bs eyed females (%)

In(l)sc8bblcv/Ybb x
sc4'8,y cv/sc4'8,y cv/B8Y 1381 1 0.07t

In(l)sc8bblcv/Ybb x
yw bbI/y w bbI/BsY 1266 13 1.02$

* For simplicity, male progeny and those females receiving two
Xs from the mother and a Y from the father are omitted.

t After the experiment reported in Table 5, the frequency of
magnification of bbI after one step is slightly higher (0.16%) but
it is more accurate.

$ Such frequency, referring to bblml/bbl individuals, decreased
by that given above in this table and referring to bblml/bbo indi-
viduals, gives the frequency of formation of bobbed deficiency-
sensitive alleles (bbdu) out of starting bbI loci. One has to note
that such frequency is only a rough estimate. This because in one
case it comes from the evaluation of only one individual, and also
because some round-eyed females might be due to nondisjunction
of male X and Y chromosomes. Nondisjunction of In(l)sc8/Y
combinations was, however, estimated to be about 0.04% (4).

eration (3, 5). This result is shown in Table 5, where a large-
scale experiment similar to that in Table 2 is reported. Better
evidence for this point can be obtained by crossing In(1)sc8bbl-
cv/Ybb males in such a way that the outgoing In(1)sc8bblmlcv
chromosome is combined with a chromosome carrying some
genes for rRNA, such as another bb' locus (y w bbl). Since
genes for rRNA have an additive effect (6), this test is less
restrictive than the combination with Ybb- or sc4L,8R. The
results of such a test are shown in Table 3. In(1)sc8bblcv/Ybb
males were crossed to y w bb'/y w bbl/B'Y females. For com-
parison, the same males were crossed to In(1)sc4L8R,y CV/
In(1)sc4L.8R,y cv/BY females. The appearance of round-
eyed females from such crosses indicates magnification of bbW.
The cv bb males from the crosses in Table 2 might be due
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FIGS. 1 and 2. (1) (Top) Diagram illustrating how extra copies of rDNA could be integrated during magnification of two bobbed loci.
Each bb locus (one with two and one with four genes in this diagram) is supposed here to produce one extra copy of rDNA having its
same length (but see ref. 3); this is successively integrated within the same locus from which it is derived.

(2) (Bottom) The same situation is illustrated as that shown in Fig. 1, but here one of the extra copies of rDNA is supposed to be
simultaneously integrated into both chromosomal bb loci. The event leads to recombination of outside markers.
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to nondisjunction of the sex chromosomes in mal
was tested by crossing In(1)sc8bblm2cv/Ybb- males
f/B8Y females, where the compound X carries no
The presence of extra Y chromosomes in the
magnified Ybb) should lead to the appearance oi
No such females appeared. The test was repeated
magnification steps, always with negative resull

Table 4 gives the results of experiments in wi

further maintained under magnifying condit
magnification, which is a step process, contini
sc8bblm/Ybb- individuals are phenotypically w

In the first crosses made, where magnificat
in sc8/Y males, we immediately noted a high
X-Y recombinants, indicated by the appearar
males (Tables 2 and 4). If crossing-over betwee
sc8 chromosomes occurs at the bb locus, one of
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FIG. 3. Diagram showing recombination at bb loci of the Y
and of the inverted X,ln(l)sc8, chromosome. bb Loci have the
same sense with respect to the centromere in this case (4). The
event is supposed here to be mitotic. A meiotic event of this
type will generate the same recombinants. The figure is redrawn

from Lindsley (9).

es. The point products is a y+*Y element (Fig. 3), whether the process is
to C(1)DX,y meiotic or mitotic (9). We quantified these observations in
rDNA (7, 8). two large-scale experiments. Table 5 shows the results of the
males (e.g., cross between In(1)scobblcv/Ybb males and C(1)RM,y v f/Ybb-

f y f females. females, and Table 6 shows those of crossing the same males
after further with females homozygous for the XYL. yS y2 su(wa)wa

ts. chromosome. In this latter case, both of the expected cross-

hich bblm was overs can be recovered. y+- yL elements (Fig. 3) are revealed
tions. rDNA as y+ males, while YsX. elements give yellow females (9).
ues until the The majority of X-Y recombinants obtained from these ex-

rild type. periments have been characterized for their effective chromo-
.ion occurred somal composition and their bb loci. Some results are reported
frequency of in Table 7. Of the 38 analyzed y+sc8 c.o. Y elements, 37 are of
ice of y+ fe- the y+- yL type, thus confirming that the Ys arm, which
an the Y and carries bb, was the exchange partner with the inverted X (4,
the expected 9). Of the sc8 c.o. X elements (Table 6), 18 out of 22 were

analyzed. All of them gave no viable males when combined
with a normal Y chromosome, but gave viable males in com-

RECOMSINANT bination with y+bb+ yL element N 26 (Table 7). This is con-

sistent with the idea that sc8 c.o. X and y+sc8 c.o. Y elements
are reciprocal products. However, in the combinations of
sc8 c.o. X elements with the y+bb+- yL element N 26, 8 out of
18 males analyzed were sterile. The 10 fertile cases are YSX-
elements missing the y+ bearing tip of the X, as expected.
Lindsley (9) also observed that some presumed YsX. elements
were sterile in association with yL.
The bb loci of crossover elements were classified in the fol-

lowing categories after combining each crossover with a bb-,
a bb-1, and a bb°-bearing chromosome:

(a) bb+. Elements that give a wild, or almost wild, pheno-
type with all three tester chromosomes (and in particular
with bb°).

(b) bb. Elements that give a bobbed phenotype in combina-
tion with b'l and bb°. This category is the most arbitrary,
since the bobbed phenotype of the different elements varied
in intensity.

(c) bbd*. Elements that give bobbed progeny in combination
with the bbM tester chromosome, but no progeny in combina-
tion with bb° (10).

TABLE 4. Successive steps of magnification of bbllocus on

In(l)sc8bblcv chromosome

Progeny

Males Females
Phenotype

Parent males* of males bb+ bb yvf y+vf

In(l)scobblmo/Ybb- Strong bb - 230 591 2
In(l)sc8bblm2/Ybb4t Strong bb - 176 788 1
In(l)sc8bblms/Ybb- bb 26 349 1463 2
In(1)sc8bblml/Ybb-t bb 23 266 726 1
In(1)sc8bblm4/Ybb- bb 29 103 348 -

In(l)scobblmo/Ybb- Random 113t 435 -

In(l)sc8bblm7/Ybb- Randomt Not counted 19,472 3

* The indicated males were crossed to C(1)RM,y v f/Ybb-
females.

t Each cross was made in duplicate from two lines inde-
pendently obtained.

t The majority of individuals were almost bb+. Classification,
however, cannot be very accurate when bb approaches wild type
due to scute effect on bristles.
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FIG. 4. Diagram illustrating eucentric pairing between the
short arm of the Y and the inverted heterochromatin of In(1)sc8
chromosome. bb Loci are indicated by the dashed line. The pos-
sible exchanges indicated as (a),(b),(c), and (d) could all justify
the appearence of y+.yL and YsX. crossovers, besides recom-
bination at the bb level.

(d) bb' Elements that give no progeny with either bbM or
bbW. Such elements give a bobbed phenotype with the bb tester.

The results of such tests on y+. yL crossovers are presented
in Table 7. Among YsX- crossovers (data omitted) examples
were also found in each of the preceding four categories.

DISCUSSION

The frequency of recombination between the X and Y
chromosomes during rDNA magnification is about 0.3%
(0.33% in the cross used for Table 6, and 0.27% in that of

TABLE 5. Outcome of the cross between In(1)sc8bb'cv/Ybb
males and C(1)RM,y v f/Ybb-females

Males* Females Designation of
Bottle y+ bearing
number cv bb y v f y + v f element

1 - 496 -
2 2 394 3 2lost, 36
3 - 430 2 48, 49
4 1 313 -
5 - 520 3 45,46,47
6 - 654 1 lost
7 - 608 1 50
8 2 653 3 onelost, 34, 53
9 1 554 -
10 - 555 3 35, 51, 52
11 1 524 4 39, 56, 57, 58
12 - 414 -
13 1 499 1 40
14 - 452 1 59
15 - 383 -
16 2 332 -
17 1 319 1 54
18 1 192 -
19 - 163
20 - 168 1 41
21 - 147
22 - 206 -

23 3 172 1 42
24 1 119 -
25 - 199 -

26 - 162 1 43
27 - 169 1 44

16 9797 27

* Also, 3 y v f males were obtained. They are due to detach-
ment of compound Xs after crossing over with the Ybb - chromo-
some.

TABLE 6. Outcome of the cross between In(I)sc8bb'cv/Ybb
males and XYL. Y ,y' su(w )wahomozygous females

Males Designation of Females
y+sc8c.o.Y

Bottle y y+ element y+ y

A 400 1 Al 466 1
B 450 3 Bl, B2, B3 617 1
C 327 4 one lost Cl, C2, 430 1

C3 and C4
D 580 3 2 lost, Dl 735 4
E 673 1 El 734 1
F 252 - 317
G 625 3 one lost, Gl, G2 699 3
H 476 1 H1 573 2
I 430 - 603 3
L 460 - 652 -
M 387 1 Ml 494 4
N 374 1 Nl 583 2

5434 18 6903 22

Table 5); whereas in sc8bblcv/Ybb+ males, where magnifica-
tion does not occur, it is about 0.01% (4), and it is about
0.015% in sc8bblm7cv/Ybb- males (Table 4) where magnifica-
tion is almost complete. We can therefore calculate a 20- to 30-
fold increase of recombination between X and Y chromo-
somes during rDNA magnification.

In agreement with previous experiments (4, 9) our results
show exchange between the short arm of the Y and the in-

TABLE 7. Analysis of y sc8c.o.Y elements

Fer- Fer-
tility tility

Designation of with with bb
element Origin X.Y.B* X Locus

40,47 In(l)sc8bbl/ F S bb+
Ybb

39,43,44,46,49,52,53,
54,57

58,Bl,B3,Cl,C4,E1, In(l)sc8bbl/ F S bb
G2,H1 Ybb

M1
34,41,48,51,59,B2,C3, In(l)sc8bbl/ F S bbds
Dl,Gl Ybb

35,36,42,45 50,56t, In(l)sc8bb1/ F S bb'
AlN1 Ybb

14,19,26 In(l)scsbblm/ F S bb+
Ybb-t

13,17,21,25,27,29 In(l)sc8bblm/ F S bb
Ybb

15,24 In(l)scsbblm/ F S bbds
Ybb-

12,16,28 In(l)sc8bblm/ F S bbl
Ybb-

* Only elements designated by a number were effectively
tested for fertility. Since all but one tested y+-bearing elements
resulted to be of the y+.YL type, fertility tests were not made in
the latest experiments.

t The bblmloci listed in this table were from bblm2 to bblmfi.
Males carrying such loci were from bb to almost bb + in phenotype.

$ Element N 56 is sterile with both X and X.Y8 chromosomes.

Proc. Nat. Acad. Sci. USA 70 (1973)
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verted part of the X chromosome, where rDNA is located.
Formally, y+. yL and Y9X. products could result from ex-
change between regions neighboring bb. Any of the four pos-
sible exchanges illustrated in Fig. 4 could account for such
elements, besides recombination at the rDNA level. How-
ever, we have already shQwn that y. yL elements are formed
by exchange within rDNA in sc8/Ybb+ combinations (4).
Furthermore, if we consider the variation in bb among re-
combinants analyzed in the present paper, we have to con-
clude that at least some of the exchanges must have occurred
at the rDNA level. An example is given by the y+- yL ele-
ments N 15 and 24 (Table 7) which are bbds derived from
sc8bblm4/Ybbm. Since the bblm locus in this case was either
bb or-bb+, only event (a) of Fig. 4 could explain their origin;
but this would require the complicated assumptions that the
exchange makes the bb- locus of the Y chromosome operative,
and that the activated bb- locus is bbds despite the fact that it
carries about 80 rRNA genes (11). We can also consider y+ yL
elements N 34,41, etc. of Table 7 that derive from sc8bblcv/Ybb
and are bbds. Their-origin could be explained by events (b) or (c)
in Fig. 4, but only with the hypothesis that the bb' locus had
magnified to the point of becoming bbd. Although this event
is in fact possible (Table 3), its frequency is about 1% in the
progeny of sc8bblcv/Ybb males, while the frequency of bbde
among y+. yL elements derived from the same males is esti-
mated to be 24% (Table 7). On the basis of these considera-
tions we think that crossing over at the bb level during rDNA
magnification is the most direct and complete explanation of
our results.
Of the 36 analyzed y+. yL elements formed during magnifi-

cation (Tables 5 and 6; 44 reported, 8 lost), at least 32 can be
shown to be independent events by their occurrence in sepa-
rate bottles or by differences in their bb loci. The scarcity of

clusters suggests that the exchanges are not mitotic (4, 9), a
point that is being further tested. Exclusion of mitotic ex-
change lends strong support to the idea that the increase of
rDNA during magnification is caused by extra synthesis.
In that case there is no better way to insert the extra copies
of rDNA than by crossing-over, as postulated in our model
(3). Such a feature may be extended to other cases of extra
synthesis, such as rDNA amplification (12-15). It allows
parallel evolution of rDNA located in different chromosomes,
and it may play a role in maintaining homogeneity of repeated
sequences during evolutionary change, the process termed
"horizontal evolution" by Brown, Wensink, and Jordan (16).

This work was aided by CNR contract no. 72/0646/04.
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